The theoretical formalism that shows how biochemistry (ATPase activity) is related to mechanics in muscle contraction can be extended to the role of kinesin in microtubule-related motility. The main features added are the freedom of kinesin molecules to come and go from the motility complex and the small number of operative kinesin molecules in some systems. The starting points for this kind of approach are the kinetic diagram of biochemical states and the corresponding free energy diagram for these states. These topics are introduced and discussed here in relation to those systems that are presumed to use kinesin.
A number of recent papers (1-13) strongly indicate that a new ATPase, called kinesin (4) , is involved in the transport of vesicles, organelles, and beads along microtubules (as in fast axonal transport); in the movement of microtubules on surfaces; and possibly in the sliding of microtubules relative to each other in anaphase B (11) and in other stages of mitosis (12, 13) . The evidence is incomplete but the assumption that kinesin is the unifying feature in all of these processes is at least a useful hypothesis, which is adopted here.
To understand in more than a superficial way how the ATPase myosin produces mechanical work in muscle from the hydrolysis of ATP, it is necessary to study, first, the biochemical kinetic diagram of myosin states and, second, the free energy diagram relating to these same states (14) (15) (16) (17) (18) . Only in this way can the connection between biochemistry and mechanics be established quantitatively and rigorously (14, 15) . The role of dynein in axonemes is similar to that of myosin in muscle and can be handled in essentially the same way (19) .
The purpose of the present paper is to take the first steps in the same direction for kinesin. First, a plausible kinetic diagram will be discussed and then the corresponding freeenergy diagram for that part of the full kinetic diagram that is involved in free energy transduction (i.e., motility) will be considered. The details included in the kinetic diagram, and its discussion, are a composite of ideas and facts taken from refs. 1-13. Many of these points have been suggested or established by two or more groups; I make no attempt to sort out priority. The free energy diagram to be used is necessarily only a qualitative illustration; it is based largely on previous experience with myosin (16) (17) (18) .
Kinetic Diagram of States
Unlike myosin in muscle, kinesin is a protein that can exist free in solution as well as bound to various structures. It is this feature that introduces some novelty into the theoretical formalism for kinesin. The four-state ATPase (counterclockwise) cycle assumed here for kinesin (denoted by K) free in solution is shown in Fig. 1 Fig. 2 shows, schematically, kinesin bound at both ends and in the two conformations mentioned. The shape of K is schematic (9) ; the broader base serves to distinguish the two ends and to show the orientation ofthe molecule. Also, in this figure, ATP (designated T) or ADP (designated D) is bound to kinesin on the ATPase site (near one end). Binding site A for kinesin is a specific site (designated x) on a microtubule; only the ATPase end of the kinesin molecule attaches to site A, and it attaches only in the direction shown. Site B for binding the other end of K is a site that might be on a vesicle, organelle, bead, surface, microtubule, or such.
To accommodate bidirectional fast axonal transport, we assume that there are two kinds ofkinesin molecule, one used for each direction (20) . For simplicity, we consider here only the anterograde kinesin, which exerts forces (see below) in the directions shown in Fig. 2 unsymmetrical structural change must occur (e.g., K could remain straight but change its angle of attachment at the A site).
A given kinesin molecule may be free (K), bound to a B site (B-K), bound to an A site (K-A), or bound to both kinds of sites (B-K'A). In all four cases, K has a counterclockwise ATPase cycle, as introduced in Fig. 1 for free kinesin. The four ATPase cycles are interconnected, as shown in the full kinetic diagram (Fig. 3a) . These cycles are the squares in the diagram. The numbering of states (i.e., 1, 2, 3, and 4) is the same in each cycle as in Fig. 1 . For example, the four states for the BOK cycle are given explicitly on the left of Fig. 3a . As another example, Fig. 3b shows three of the state 2 states; the fourth (B K1T.A) is included in Fig. 2 . Each line in the diagram (Fig. 3a) represents a possible forward and backward transition between two states, though one direction often dominates (has a much larger rate constant). The slanted lines in Fig. 3a relate to the binding of K to A or B.
The very slow transition K1T -* K2T (i.e., state 2 -* state 3) in the upper cycle in Fig. 3a is indicated by a "block" (11) .
Because the B end of K is far from the ATPase region of K, the same block would be expected in the BOK cycle, as shown in the figure. However, the conformational change is activated by the The two different blocks in cycles B-K and B-K-A are essential to create a composite cycle that contains concurrent A attachment-detachment and ATP hydrolysis.
It is advantageous for a group n of K molecules, the larger the better, to interact cyclically with different A sites on a microtubule during the same period of time so that the probability would be very small that all K molecules would happen to be detached from A sites at the same time. If this should happen, the vesicle or such could escape from the microtubule (A). However, Miller and Lasek (9) observed only a small number of cross-bridges per vesicle. The danger of escape will be reduced if the vesicle is very large so that it would move away from the microtubule only slowly (by Brownian motion) or if generalized electrostatic forces keep the two components together.
Actually, the number of K molecules attached to B sites on a particular vesicle or such fluctuates because any given K molecule does a random walk among the states of the full diagram in Fig. 3a . Although a K molecule may spend a long time in the composite BOK, B-K-A cycle (because of strong binding of K to B), it may escape to the K cycle (i.e., become free kinesin) or to the K-A cycle (and possibly then to the K cycle). Conversely, new K recruits to the composite workproducing cycle may come from either the K cycle or the K-A cycle. Unlike the muscle contraction problem (14, 15) , a rigorous treatment will require a stochastic approach for systems (e.g., vesicles) with small n.
Many K molecules in the B-K cycle will not have access to A sites because of incorrect orientation or binding on the "wrong" side of a vesicle or such.
To simplify matters further (for the next section), it is assumed that only four of the six states in the composite cycle are important (the other two are transient intermediates). The four principal states are indicated as m and R in Fig. 3a .
This composite four-state cycle includes the three states suggested in ref. 7 . An additional feature here is the existence of two conformations, needed for work production (9, (15) (16) (17) (18) .
The BOK, B-K-A diagram is analogous in a general way to the myosin-actin-ATP diagram: BOK is the analogue of a myosin molecule and A is the analogue of a site on an actin filament that can bind myosin. However, the ATPase details in Fig. 3a are not at all the same as in myosin (7, (16) (17) (18) .
Although BOK, B-K-A is the analogue of the myosin-actin-ATP diagram (the myosin molecule is always attached to the myosin, or thick, filament), the full diagram in Fig. 3a is more general and complicated because of the possible use of the K and K-A cycles (i.e., because K is reversibly, not permanently, bound to a B site). Actually, the ATPase activity of the free myosin subfragment 1 in the presence of actin filaments is the analogue of the K, K-A cycles of kinesin. This subfragment 1 system has been treated theoretically (21) and some of the procedures can be transferred to kinesin.
Work can be produced only through use of the states in the B-K-A cycle because a relative sliding force between A and B can be established only if K is attached to both A and B. The composite cycle, above, uses the B-K-A cycle. Is there an analogous useful composite cycle between cycles K-A and B-K-A (Fig. 3a) ? The answer is no because of the 4 --1 blockage in both subcycles. There is no way to achieve cyclical ATPase activity using parts of cycles K-A and B-K-A. Similarly, although there is in any case no possibility of producing work, no ATPase cycle can be constructed from cycles K and BOK (because both cycles have a 2 --3 blockage). In contrast, there is a composite ATPase cycle between cycles K and K-A (using 4 -* 1 in K and 2 -* 3 in KA), but no work can be produced from it. This composite cycle would not be used much because of relatively weak In the absence of ATP ("rigor"), the full A, B, K system of Fig. 3a is stopped, reversibly, at state 1 of cycle B-K-A (i.e., at state B K1 A): only the four state is in Fig. 3a Fig. 2 ) is shown in Fig. 4 . In Fig. 4a , the vesicle is mobile and moves to the right. In Fig. 4b , the microtubule is mobile and moves to the left. In Fig. 4c (anaphase B) , two microtubules of opposite polarity are pushed apart, increasing the pole-to-pole distance (11). In Fig. 4d (anaphase A) , the microtubule is somewhat mobile relative to the surrounding matrix sleeve, which can provide B sites (22) . To the extent that the microtubule moves to the left, there must be subunit disassembly at the pole. The main disassembly, however, occurs at the kinetochore (13), probably from lack of a GTP cap. Attachment of the microtubule to the kinetochore can be maintained despite the disassembly (23) . The primary thermodynamic force that pulls the chromosome toward the pole Kin Disassembly in this case is not kinesin acting on the matrix (above) but disassembly at the kinetochore (13, 23) coupled with the attractive interaction between the outer wall of the microtubule end and the kinetochore sleeve, which serves to hold the microtubule end in the sleeve (23 Fig. 4e ). This seems both unnecessary and unlikely because anterograde kinesin is appropriate at the kinetochore in Fig. 4 e andf. If anterograde kinesin is active in Fig. 4d , it would be overruled by the other features already mentioned. Fig. 4e shows subunit assembly at the kinetochore and movement of the kinetochore to the right, relative to the microtubule, in prometaphase (12) . Finally, Fig. 4fshows some movement of the microtubule to the left, relative to the fixed pole and kinetochore, in metaphase. There is treadmilling in this case (13) . It appears that retrograde kinesin may be essential only for retrograde vesicle transport (9, 20) .
Free Energy Diagram
I show here in a qualitative way how force and work arise from the biochemistry of the composite ATPase cycle in Fig.  3a . When enough information is available (self-consistent free energy and rate constant functions), these same principles can be transformed into a quantitative calculation, for example, of the force-velocity curve and of the efficiency of ATP free energy conversion into work as a function of velocity. Such calculations, as well as transients, have been made for muscle (17) . Similar calculations have been carried out for cilia (19) .
A guessed but plausible set of free energy functions for the B-K, B'K*A states in Fig. 3a , based to a large extent on the general arrangement of free energy functions in the myosin-actin-ATP system (14) (15) (16) (17) (18) , is shown in Fig. 5 . In this figure the free energy G of each state is plotted against a distance parameter x. The value of x refers to the variable position of a particular but arbitrary A site on a microtubule, with K bound at a fixed B site, and with x = 0 (Inset) chosen arbitrarily at that location (point y) at which state BK2D'A has the lowest free energy (i.e., is most stable). If the A site is displaced to either side of x = 0, G for this state rises.
Similarly, x = a is located at the point where the A site minimizes G for state BK1T*A (point /3). The value of a is of order 50 A. These two curves cross at x = a (point ,3), in this example.
The states with K attached to A sites have free energy functions that vary with x; those in which K is not attached to A sites have constant free energy functions (i.e., the value of G is independent of the location of site A). All states in Fig.  5 have K attached to a B site. To be more general (in case the B site is on a structure that is moving): x locates the A site horizontally, relative to the position of the B site.
The solid curves in Fig. 5 refer to the four main states in Fig. 3a , but five other states are included as well (dashed curves). It is important to recognize that these curves do not comprise a single set of free energy levels (as they would for an equilibrium system) but rather represent a sample from an infinite set for a steady-state system (15) . For example, this whole set of curves is repeated again below (B K1 A and B*K2D are shown repeated), displaced downward by an amount XATP, the negative of the free energy of hydrolysis of ATP at the actual concentrations of T, D, and Pi. XATP, about 13 kcal mol-1, is the thermodynamic force driving the system; XATP sets the vertical scale in Fig. 5 .
The four vertical arrows on the left of Fig. 5 show the hypothetical free energy changes in going around the B-K cycle once, starting at state B'K2D. The net free energy change is -XATP. All four of the free energy changes AG in cycle B-K are independent of x (because there is no binding of K to A). Associated with each AG is a pair of forward and backward first-order rate constants (also independent of x), which must have values consistent with the AG value (14, 15) 
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Cell Biology: Hill xa BK2DA is at 900 (Inset), at x = a, it is bent away from its stable 450 configuration (at x = 0). We turn now to the principal four-state composite cycle in Fig. 3a , starting with state B-K2D. In any one of the motile systems we have been discussing, consider an A site at large x in Fig. 5 , moving to the left relative to a particular K attached to a B site. The motion is due to the particular K as well as to other K molecules undergoing the same kind of cycling. We shall describe below the (optimal) set of transitions that would produce the maximum conversion of ATP free energy into work. Actually, the process is stochastic and each "pass" of an A site past a BEK would be different with respect to the x values at which the various transitions occur: averages must be taken over all possibilities. In an optimal pass, if the initial state is B-K2D, the transition to B K1T would take place at some x > xa. Attachment to site A (i.e., the transition to B K1T A) would then occur at point a. The tip of the cross-bridge (B K1T) would have had to fluctuate to X = Xa for this to happen. A small force would be exerted to the left after attachment (slope at a). As site A moves from X = xa to x = a, with K in state B K1T A, an amount of work G,, -Go will be done on site A by this K (the work is the integral of Fdx). In this optimal pass, the transition to state B-K2D-A would then happen at point f8. Note that no structural fluctuation is necessary here (as above); both states have the 900 structure. At the transition, the force exerted by K on site A jumps from zero to a large negative value (note the two slopes at f3), because the 900 structure is a distorted one for conformation 2. As site A moves from x = a to x = 0, in state BK2DA, a diminishing force is exerted and the total work done is Go -Gy (again an integral of Fdx).
This work is much larger than Ga -Go. At x = 0, the detachment transition to B-K2D is made (with a decrease in free energy); site A then moves away to the left leaving this particular K behind. In the whole process, the free energy decrease is XATP and the work produced (by K pushing on site A) is Ga -G-, which is less than XATP. The actual efficiency of free energy transduction would be significantly less than (Ga -Gy)/XATP, however, because this ratio is the efficiency in an optimal pass. Note that work is not produced by a transition (e.g., the conformational change at /) but rather by the two attached states moving toward more stable structures (i.e., decreasing in free energy).
Force-Velocity Relations. As an example, consider a vesicle moving along a microtubule. A quantitative application of the above principles allows the calculation of the mean force F that a single B-K would exert on a succession of A sites as they pass B-K at a velocity v (17) . This gives the force-velocity curve F(v), shown schematically in Fig. 6 as n = 1 (n is the number of K molecules on the vesicle that can interact with the microtubule, that is, the number of cycling cross-bridges). For a vesicle with n cross-bridges, the force-velocity curve is nF(v). The use of a steady velocity v is an approximation when n is small, especially when n = 1. A stochastic treatment is really needed (see below). Of course n fluctuates; let p, be the probability of a given n. If; is the friction coefficient for the vesicle moving through the medium surrounding the microtubule, then Tv is the corresponding resisting force. When the vesicle has n cross-bridges, the velocity vn at which the vesicle will actually move on the microtubule will be the solution of nF(v) = Cv (the two forces are balanced), as shown in Fig. 6 for n = 2 and 5. The mean velocity v would then be given by 1-nVn. Note that, in Fig. 6 , the more cross-bridges, the larger vn and, if; is small (see below), vn is near vmax for any n, so v vma. It is interesting that Vale and co-workers (1, 3) observevF in many cases to be about the same as vena in muscle (2.1 ,um s-l) (17) .
In a stochastic treatment, if the vesicle has an instantaneous velocity v and the ith cross-bridge has nearest A site at xi and is in biochemical state ji, then 
